Abstract-This paper presents a new label-free DNA optical sensor based on the microgap structured Fabry-Perot interferometer. An optical cavity is formed by a microgap sealed between a singlemode fiber and a well-cleaved fiber end. The capture DNA is immobilized on the cavity end by layer-by-layer electrostatic self-assembly. This sensor detects the hybridization of target DNA with complementary capture DNA by observing the optical cavity thickness variation. Experimental results demonstrate that this sensor has a sensitivity of 6 nmol/ml and can identify a 2-bp mismatch.
I. INTRODUCTION
O VER the past decades, sequence-specific DNA detection technology has developed rapidly due to its extensive application in clinical diagnostics, bioengineering, environmental monitoring, and food science areas. One example is that a biosensor for the specific identification of bacteria was designed for the threat of the mailings of letters containing Bacillus anthracis in fall of 2001 (Hartley and Baeumner, 2003) . From the well-developed fluorescent hybridization detection methods [1] , [16] to the currently popular electrochemical [2] , [17] and surface plasmon resonance (SPR) methods [3] , [18] , enormous research efforts have been devoted to DNA detection based on the theme of converting the biological signal resulting from DNA hybridization to detectable electrical, optical, and chemical signals. The traditional fluorescent methods usually depend on fluorescent dyes attached to the target DNA; this is a costly additional step. Electrochemical and SPR methods can realize label-free measurement with high sensitivity [2] , [12] ; at the same time, the problems of the bulky size, high equipment cost, and time-consuming algorithms limit their application for in vivo detection.
In contrast, optical fiber has the intrinsic advantages of small size, low cost and corrosion-tolerance, which make it attractive for biosensing [14] . Considering the sugar phosphate backbone of DNA, layer-by-layer electrostatic self-assembly technique [4] intrinsic Fabry-Perot interferometric (IFPI) sensor can realize label-free DNA sequence detection [5] . Based on this outcome, this paper presents a microgap IFPI, which possesses the features of easy fabrication, high signal-to-noise ratio and simple algorithm compared with the multicavity sensor. Detecting the hybridization event involves interrogating the optical cavity length variation resulting from the target DNA strand binding to the single-stranded DNA (ssDNA) probe attached to the fiber endface [15] . Sensitivity and specificity are the most widely used statistics to describe a diagnostic test, so these characteristics were use to evaluate this biosensor and experimental demonstrate its high sensitivity and selectivity. To study its feasibility for in vitro testing, biosensor operation was also investigated in the aqueous environment and the results were promising.
II. PRINCIPLE
In an IFPI sensor, the sensing element consists of two reflectors; in this microgap approach these are generated by an air hole at the splicing point of two singlemode fibers, and the distal end of the fiber, as shown in Fig. 1 . The length of the cavity formed by the two reflectors serves as the transducer, which will increase as the distal end of the fiber is terminated with the polymer and DNA. The interference fringe of the two reflections is obtained by a component test system (CTS Micro Optics, SI720), as in Fig. 2 .
By demodulating the interference fringe, as in Fig. 3 , the cavity length can be calculated with high accuracy and resolution. The two-beam interferometer model can be expressed as Here, is the total intensity of the interference signal, and are the reflected light intensities from the two reflectors, and is the total phase shift of the cavity, which can be expressed as
Here, is the light wavelength and the OPD is the optical path difference, defined by
In this formula, is the refractive index and d is the cavity length of the optical cavity.
At the peaks of interference spectrum, we have
where is an integer number and differs by one between adjacent peaks. This OPD has error of (1.5)
From (1.3), both the cavity physical length d and the refractive index n contribute to the OPD, which is directly demodulated from the interference spectrum. Since this biosensor scheme is based on monitoring the cavity physical length variation, the refractive index (RI) of fiber, polymer, and DNA sample is assumed as a constant. Usually the RI of the core of the single mode optical fiber is 1.45, the RI of the polymer can be tuned by controlling pH and solution concentrations during deposition [11] , [13] .
III. EXPERIMENTAL

A. Sensor Fabrication
The key point in the sensor fabrication is etching the singlemode fiber to form a proper air cavity. Two singlemode fibers (Corning SMF-28) are first cleaved with a high precision fiber cleaver. Based on the differential etching rate between the pure silica of the fiber cladding and the germanium-doped silica of the fiber core [11] , a balanced solution of hydrofluoric acid (HF) and ammonium fluoride NH F buffer is used to etch the fiber end. By carefully controlling the etching time and the solution concentration, a microgap as small as 1-2 m can be achieved at the distal end of one cleaved fiber. The microgap can be sealed between the two SMF by splicing the etched fiber and the cleaved fiber. The reflection at the etched end is much lower than the well-cleaved end, so the microgap can be viewed as a single reflector. If strictly analyzing, the interference caused by the air gap itself is governed by the same formula as the micogap structure sensor and can be simplified as (2.1) From this formula, the intensity of the spectrum varies as a cosine function and the frequency of this cosine function is directly proportional to the cavity length d. Since the length of the air gap is usually 1-2 m and the length of microgap sensor is around 100 m, the high frequency of the spectrum should correspond to the signal of microgap sensor and the low frequency of the spectrum should correspond to the signal of the air gap. In addition, once the air gap is sealed, the size of air gap is fixed and subsequently the low frequency signal should be constant. Only modulating the high frequency signal is enough to obtain the effective measurand. This also explains why the size of the air gap should be as small as possible. In theory, the size of the microgap should be as large as possible if only the high reflectivity and high visibility are considered. However, at the same time, the low-frequency component will increase in proportion to the microgap length and lead to difficulty in demodulating the high frequency signal, from which the effective measurement information is obtained. There is a tradeoff between high visibility and clear high frequency signal when etching the air hole. A fiber cavity can be created by cleaving the other side of the etched fiber and this well-cleaved end serves as the second reflector (Fig. 1) . This cleaving process is finished under an Olympus SZ40 microscope. During fabrication, the a swept laser interrogator (Micron Optics, si720) is utilized to monitor the signal strength and to control the process within the error tolerance.
B. Polymer Deposition
Since the single-strand DNA can not be directly immobilized on the silica sensor surface, polymer deposition is adopted to functionalize the sensor by layer-by-layer electrostatic self-assembly. This precursor layer also gives the DNA probes the configurational freedom to easily form duplexes. Prior to depositing polymer, the surface of the microgap sensor was immersed in a piranha solution H O H SO v/v for 10 min, followed by rinsing in ultrapure water and drying in a stream of nitrogen. The ultrapure water used in this experiment was obtained from reverse osmosis (Barnstead Diamond RO) followed by deionization and ultrafiltration (Barnstead Nanopure Diamond UV/UF). The layer-by-layer electrostatic self-assembly technique is realized by alternating adsorption of anionic (PS-119, 2mg/ml, pH 4.5; Aldrich) and cationic (poly diallyl dimethyl ammonium chlortide [PDDA], 2 mg/ml, pH 4.5; Aldrich) polyelectrolytes. This approach has the advantage that electrostatic attraction between opposite charges is the driving force for the multilayer buildup [5] . Due to the terminal silanol groups the sensor tip is negative charged [6] , so the self-assembly process was begun with the cationic layer (PDDA). The pH value was adjusted by HCl and monitored by a Corning 455 Ion Analyzer. After each monolayer deposition, the sensor surface was completely rinsed with ultrapure water. This self-assembly process is independent of the substrate size and topology [6] .
IV. RESULTS AND DISCUSSION
A. Single Strand DNA Immobilization
Due to the negative charge of its sugar phosphate backbone, DNA is considered a polyanion. After 1.5 bilayers of polymer is assembled, the sensor surface is positively charged, so singlestrand DNA sequences (ssDNA, listed in Table I ) can be immobilized on the polymer functionalized sensor tip using the self-assembly technique [13] . All DNA samples used in this experiment, except the sequence used as the negative control, were 26 mer in length as listed in Table I and all experiments were performed at room temperature. The sensor was immersed in the ss-DNA-A solution (65.7 nmol/ml, C 0.02mol/L, pH 5.5) for 10 min, followed by thorough rinsing with ultrapure water. The optical length was measured in air and in the stable aqueous environment separately after each immobilization. The refractive index of the immobilized DNA monolayer was assumed to be 1.462 [7] , which is very close to the RI of the optical fiber. Here the RI of the optical fiber is used to calculate the physical length change according to (1.3) . Repetition measurement results are shown in Table I , indicating the physical cavity length increase. The unstretched or unperturbed conformation of the immobilized ssDNA can be considered as a Gaussion coil of Kuhn step model. If the immobilized ssDNA is aligned parallel to the fiber end surface, the increased cavity length will be the radius of gyration of a ssDNA chain, 2 nm [8] ; if the immobilized ssDNA is aligned perpendicular to the end surface, the increased cavity length will be the end-to-end distance of the chain, 5 nm [8] .
Therefore, the variation range of the increased length is between these two extreme values from 2 to 5 nm. All the measurement results in air fall in this range, indicating that the immobilizations were successful. The slight difference between each experiment may be caused by different random tilt angles [8] , [10] . As a preliminary step in developing the in vitro application potential of the sensor, each immobilization also was examined in a stable aqueous environment. The data shows that generally the physical length obtained in aqueous environment is slightly larger than that obtained in air. This may be related to the DNA chain topology. The ssDNA chains can extend from the rigid substrate to form a molecular brushlike structure if the salt concentration changes [8] , [9] . Ultrapure water, which is used to simulate the stable aqueous environment, can reduce the salt concentration. Additional experiments will utilize solutions of varying ionic content in the evaluation of ssDNA immobilized in this way on silica surfaces. The ability to operate within an aqueous environment will be essential for this biosensor structure to be applied in in vitro measurements.
B. Hybridization Sensitivity Test
Hybridization tests were performed at room temperature by detecting the specific complementary DNA sequence (called the target) with the immobilized ssDNA-A probe The sensor was immersed into ssDNA-B solution for 10 min, beginning with a concentration of 70.5 nmol/ml, C mol/L, pH . If hybridization occurs, duplexes will form; this newly formed double-stranded DNA (dsDNA) will result in a cavity length increase. Otherwise, unhybridized ssDNA-B will be rinsed away and no cavity length increase will be observed. To determine the sensitivity of the sensor, the concentration of the complementary ssDNA-B was reduced by half after successful hybridizations until no hybridization was detected. The results are shown in Fig. 4 ; the detection limit of this structure sensor was found to be 0.6 nmol/ml. In contrast to the immobilization test, cavity length increases in air are no larger than those in aqueous environment in most cases. Since dsDNA structure are more complex than the ssDNA, some additional factors should be considered in analyzing this phenomenon other than the tilt angle and brushlike profile. For example, if a rod model is chosen to describe the 26 base pair dsDNA, the contour length will be 9 nm [8] . This means the hybridization itself will change the size of the target ssDNA-B sequence. Whether and how the aqueous solution influences the binding efficiency of the ssDNA-A and ssDNA-B are unclear. Since there are many potential random factors now, it is difficult to determine which one or a few factors are dominant. Additional studies will investigate these fine details, but the initial data obtained from this experiment is enough to qualitatively detect the hybridization event. 
C. Specificity Test
The specificity of this sensor was also investigated by increasing the number of base pair (bp) mismatches in the ssDNA solutions tested. As listed in Table II, and negative control ssDNA-F (128.3nmol/ml) were separately tested by immersing the biosensor into these ssDNA solutions for 15 min followed by an ultrapure water rinse. The results are shown in Fig. 5 in comparison with those of the target sequence, ss-DNA-B. A positive slope between probe immobilization and target detection indicates a positive result; negative or zero slope indicates a negative result. Although the idea of negative slope may raise questions in some fields, it is merely a result of a shift in the film water content.
V. CONCLUSION
This paper demonstrates a microgap optical DNA sensor structure based on Fabry-Perot interferometry. By demodulating the effective cavity length change, the ssDNA immobilization and dsDNA hybridization events can be detected. This DNA sensor inherits the traditional advantages of optical fiber: miniature size, cost efficiency, speed, and ease of use, and, at the same time, possesses the features of high signal-to-noise ratio, simple arithmetic, and robust structure. 0.6nmol/ml sensitivity and bp mismatch discrimination down to 2 bp have been achieved in air and in aqueous environment.
